Streptococcus mutans has been implicated as the principal causative agent in the development of human dental caries (13) . Extensive investigations have focused on the synthesis of water-insoluble glucan by these organisms since these polymers play a role in the colonization of tooth surfaces. Many strains of S. mutans are also capable of synthesizing extracellular fructan polymers (3) . However, the role of these polysaccharides in the cariogenicity of S. mutans has not been elucidated. Recent evidence from this laboratory (S. Sato and H. K. Kuramitsu, unpublished results) suggested that mutants of S. mutans GS-5 defective in fructosyltransferase (FTF; EC 2.4.1.10) activity still display normal sucrose-dependent colonization of smooth surfaces in vitro. Howeyer, since fructans can be degraded by several organisms present in human dental plaque (25) , these polymers could function as a reserve source of carbohydrate for plaque microorganisms.
Although the S. mutans ftf gene coding for FTF activity has been recently isolated and characterized (1, 8) , little information is currently available regarding the regulation of expression of this gene. Growth of S. mutans Ingbritt in continuous culture indicated that the enzyme is constitutively expressed (27) . In contrast, another enzyme catalyzing the synthesis of fructan from sucrose, levansucrase from Bacillus subtilis, was shown to be inducible by sucrose (12) . An analysis of various levansucrase mutants has indicated that multiple genes (sacR, sacS, sacQ, and sacH) may be involved in the regulation of levansucrase expression (12) . In addition, more recent sequence analysis of the levansucrase gene (sacB) suggested the presence of a potential termination structure upstream from this gene (23) . This site could be involved in the regulation of gene expression (20) .
To examine the regulation of the S. mutans ftf gene, nucleotide sequencing of the gene was carried out. The present report describes the sequence of the intact gene along with both upstream and downstream flanking sequences. Several potential open reading frames (ORFs) were detected in these regions, and this suggests that the product of one of these genes could be involved in gene regulation. * Corresponding author.
MATERIALS AND METHODS
Plasmids. The construction of plasmid pSS22 has been recently described (18) . The plasmid encoding the intact ftf gene, pTS102, was identified in a HindIII clone bank of S. mutans GS-5 chromosomal DNA. Since Southern blot analysis indicated that the ftf gene resides on a 4.5-kilobase (kb) HindIII fragment (data not shown), DNA fragments of 4 to 6 kb were isolated from an agarose gel following HindIII digestion of chromosomal DNA. The purified fragments were ligated to HindIII-cleaved vector pUC8. The ligation mixture was transformed into Escherichia coli JM83, and transformants harboring chimeric plasmids were selected on Luria-Bertoni (LB) agar plates containing ampicillin (50 ,ug/ml) and 5-bromo-4-chloro-3-indolyl-,3-D-galactoside (XGal). Transformants expressing FTF activity were initially identified following replica plating of the clone bank onto LB agar-ampicillin plates supplemented with 1% sucrose. Colonies growing poorly in the presence of sucrose (synthesizing large amounts of intracellular fructan [2] ) were isolated, grown in small samples (2 ml), and assayed for FTF activity. In this manner, one colony expressing FTF activity was identified. The plasmid contained in this transformant, pTS102, was used for sequencing the intact ftf gene.
DNA manipulations. DNA isolation, endonuclease restrictions, ligations, transformation of competent E. coli cells, and Southern blot analysis were carried out as recently described (2) .
Nucleotide sequencing. The two large DNA fragments containing the intactftf gene, i. e., the 1.8-kb HindIII-EcoRI fragment from pSS22 and the 2.0-kb XhoI-HindIII fragment from pTS102 ( Fig. 1) , were subcloned into M13mpl8 or M13mpl9. A series of deleted bacteriophage clones were constructed as described by Henikoff (9) following treatment with exonuclease III and nuclease S1. The desired subfragments were cloned into the M13 phage vectors by using the appropriate restriction sites as described below. Nucleotide sequences were determined by the dideoxy chain termination procedure (17) scribed (22) . However, putative ORF 4 ( Fig. 1 ) was sequenced by using double-stranded DNA and the 16-mer reverse primer (New England BioLabs, Inc., Beverly, Mass.). Both DNA strands of the 4.7-kb EcoRI-HindIII fragment ( Fig. 1) were completely sequenced.
Sequence analysis. The nucleotide and amino acid sequences were analyzed with the Pustell sequence analysis program (International Biotechnologies, Inc., New Haven, Conn.).
Enzyme assays. FTF activity was measured as previously described (18) by using either the sucrase assay or
[3H]fructan synthesis from [3H-fructose]sucrose.
RESULTS
Identification of ORFs on the 4.7-kb EcoRI-HindIII fragment of S. mutans chromosomal DNA. Our previous studies of the ftf gene have shown that E. coli transformants harboring plasmid pSS22 (Fig. 1) , containing a 3.2-kb S. mutans chromosomal DNA insert, exhibit strong FTF activity (18) . Nucleotide sequencing of the insert (Fig. 2 and data not shown) revealed that the insert contains three potential ORFs (Fig. 1) . Two of these, putative ORFs 1 and 2, encode polypeptides of at least 159 and 122 amino acids, respectively. The other large ORF specifies a protein of 728 amino acids. Therefore, the nucleotide sequence data revealed that only the latter ORF is compatible with the predicted molecular weight of the ftf gene (18) . However, no termination codon could be found within the longer ORF corresponding to the ftf gene in pSS22.
Southern blot analysis of S. mutans chromosomal DNA cleaved with HindIl by using plasmid pSS22 as a probe indicates two positive signals of approximately 4.5 and 1.0 kb (data not shown). Since the predicted molecular size of the ftf gene is less than 3.0 kb (18) and one HindlIl site is located 680 base pairs (bp) upstream from the initiator Met codon of the gene (Fig. 2) , these results suggested that the entire ftf gene should be contained within the 4.5-kb HindIII fragment. Accordingly, an S. mutans GS-5 HindIII clone bank was constructed in E. coli JM83 by using plasmid vector pUC8. One of the clones was demonstrated to express FTF activity following screening of the clone bank for sucrase activity (15) . The plasmid from this clone, designated pTS102, was purified from the transformant, and a restriction map was constructed (Fig. 1 ). Restriction analysis indicates that the plasmid contains a 1.4-kb EcoRI-HindIII fragment which should contain the termination codon for the ftf gene. Nucleotide sequencing of this region was carried out by using the 2.1-kb XhoI-HindIII fragment of pTS102. In addition to the expected termination codon for the ftf gene (position 3072, Fig. 2 ), two additional potential ORFs (ORFs 3 and 4) were identified within this fragment (Fig. 1) . The coding strand for ORF 3 is opposite to that for the ftf gene and ORFs 1 and 2. Even though only a small portion of putative ORF 4 was sequenced (Fig. 2) , the data presented below suggests that this sequence codes for an extracellular protein. Therefore, the sequence data revealed the presence of four additional potential ORFs in addition to the ftf gene on the 4.7-kb EcoRI-HindIII fragment.
Characterization of the ft gene. The fif structural gene begins with the ATG initiation codon (position 681, Fig. 2 ) and ends with the TAA termination codon (position 3072). The intact gene codes for a 797-amino-acid protein with a predicted molecular weight of 87,600. The ftf gene is preceded by an inverted repeat region (positions 565 to 593) which may function as a regulatory region, as has been postulated for a similar region upstream of the levansucrase gene of B. subtilis (23) . However, this same sequence could also act as a termination sequence for ORF 2. In addition, a promoterlike sequence ATGATA-N17-TAGGAT, which resembles the E. coli consensus sequence TTGACA-N17-TATAAT (8) (1, 6, 11) . The first 14 residues are strongly basic (7 of 14), and they are followed by a highly hydrophobic region (13 of (22), a putative cleavage site following account for the differences in molecular weights), regions of Val-34 was assigned (Fig. 2) .
extensive homology can be detected (Fig. 3) . High degrees Examination of a hydropathy plot of the deduced FTF of amino acid sequence homologies are especially apparent amino acid sequence revealed that the enzyme is highly at the amino termini of both proteins (signal sequence hydrophilic with only two significant' hydrophobic regions regions) and in the central region of the FTF protein. (data not shown). One of these corresponds to a portion of Contained in these latter regions are sequences with as many the signal sequence, while the other was found at the as nine consecutive amino acids in common between the two carboxy terminus of the protein (nine consecutive hydrophoproteins. bic amino acids from base positions 3015 to 3040; Fig. 2 ). On Characterization of ORFs 1 and 2. Putative ORF 1, which the basis of the amino acid composition of the putative ends at the termination codon TGA, 42 bp downstream from processed protein (Table 1) , a pI of 5.66 was determined.
a HindIII site, appears to encode a 159-amino-acid-residue
Codon utilization of thefif gene. Examination of the codon carboxy terminus of an unknown protein, since no other usage for the ftf gene (Table 1 ) revealed a high frequency termination codon is present in the 0.4-kb EcoRI-HindIII (78%) of A+T in the third positions of the codons. This fragment (data not shown). ORF 2, encoding'a 122-residue frequency is higher than that observed for the same position polypeptide, begins with the ATG initiation codon (position in the codons for the strain GS-5 gtJB gene (63%) and reflects 26, Fig. 2) , is preceded by a potential Shine-Dalgarno (SD) the relatively low G+C content (36 to 38%) of the S. mutans sequence (21) , and ends at the termination codon TAA chromosomal DNA (7). Only one residue of cysteine was (position 392). Therefore, the coding sequences for the detected in the entire protein (Table 1) . This is consistent amino-terminal region of ORF 2 appear to overlap with the with recent observations that extracellular proteins from carboxy-terminal region of ORF 1. streptococci appear to contain little or no cysteine (22) .
Characterization of ORF 3. The putative ORF 3, tran-
Comparison of FTF with the levansucrase of B. subtilis. The scribed from the opposite DNA strand relative to the ftf conversion of sucrose to a fructan polymer is catalyzed not gene, begins with the ATG initiation codon (position 3951, only by the FTF of S. mutans but also by the levansucrase of Fig. 2 ) and terminates at the TAA codon (position 3267).
B. subtilis (4). The former enzyme produces primarily an
This putative gene would code for a 228-amino-acid polyinulinlike polymer (3), while the latter enzyme synthesizes a peptide with a molecular weight of 26,500. The putative gene levan product (23 ' and the conserved residues between the two proteins are underlined. To maximize the homology, gaps in the sequence alignment have been introduced. The downward and upward'arrows indicate the predicted and actual signal sequence cleavage sites for the FTF and levansucrase proteins, respectively.
suggesting that the former sequence may be involved in the regulation of expression of ORF 3. The possibility that ORFs 1, 2, and 3 are actually translated in the S. mutans cells is suggested by similar codon utilization of the ORFs relative to the gtJB and ftf genes of S. mutans (data not shown).
Comparison of ORFs 2 and 3 with gram-positive regulatory proteins. Recent genetic investigations of the levansucrase from B. subtilis (20) have suggested that the expression of the enzyme is positively regulated by the sacU gene product. Since such regulatory proteins bind to DNA and exhibit relatively low molecular weights, it is possible that the products of ORFs 2 or 3 also participate in the regulation of gene expression. Therefore, the predicted amino acid sequences of the two ORF products were compared with the sequences of several DNA-binding proteins: sigma 37 subunit (5), spoOF (24) , phoP (19) , and penI (10) from grampositive bacteria. No extensive homologies were observed between the two sets of proteins (data not shown). However, both ORFs 2 and 3 displayed several regions of amino acid homology (involving up to eight consecutive amino acids) with these selected DNA-binding proteins. In addition, one sequence (Lys-Lys-Val-Tyr-Arg) was observed in both ORF 2 (positions 54 to 67, Fig. 2 ) and ORF 3 (positions 3401 to 3388).
Characterization of putative ORF 4. In the course of sequencing the 1.4-kb EcoRI-HindIII fragment of pTS102 (Fig. 4) , it was observed that only one of the two DNA strands (ftf antisense strand) of this fragment could be isolated in M13mpl8 or M13mpl9. However, both strands of two deletion derivatives of this fragment (clones 6 and 12) could be readily isolated in the M13 phages. These results are similar to our recent results in sequencing the gtfJ gene from strain GS-5 (22) . In the latter case, it was also not possible to isolate both DNA strands containing the promoter region of this gene in the M13 phages. By analogy, it is likely that a strong promoter sequence exists on the terminal 0.3-kb region of the EcoRI-HindIII fragment. However, as with the promoter region of the gtJB gene (22) , it was possible to determine the nucleotide sequence of both DNA strands in the terminal region by using a double-stranded DNA template. Nucleotide sequencing also revealed the presence of the beginning of another potential ORF, termed ORF 4, whose deduced amino acid sequence is very similar to those of the highly basic terminal regions of the signal sequences from both the ftf (Fig. 2 ) and gtjB genes (22) .
Although only a small part of ORF 4 has been sequenced, these results suggest that ORF 4 may code for an extracel- (Table 1) . Likewise, the glucosyltransferase I (GTF-I) protein from strain GS-S lacks cysteine residues (22) . Therefore, streptococcal extracellular proteins appear to contain few cysteine residues (6) . However, the significance of these observations has not yet been determined.
Like other streptococcal extracellular proteins (6), FTF contains a relatively long (34 amino acids) signal sequence. This sequence is also very similar (10 of 34 identical amino acids) to that of the GTF-I protein from strain GS-S (22) . A putative signal sequence cleavage site (position 782, Fig. 2 ) could be predicted based on the general rules of von Heijne (26) . However, amino acid sequencing of the secreted FTF will be necessary to confirm this prediction. The predicted molecular size of the mature FTF, 83.8 kilodaltons, is compatible w'ith that of the FTF activity observed in culture fluids of strain GS-5, 83 kilodaltons (data not shown). The previously observed 91-kilodalton FTF from lambda clones (18) apparently results from fusion of the ftf gene with a lambda DNA sequence.
A comparison of the FTF protein with the levansucrase from B. subtilis indicates that the two proteins contain regions of homology (Fig. 3) . Since both enzymes catalyze the same basic reaction, it is likely that' these homologous regions are required for enzymatic activity (one of these regions may be involved in binding the substrates). It will be of interest to determine the structural specificity which has resulted in the FTF protein synthesizing a ,B-1,2-linked fructan, while the levansucrase produces a ,-2,6-linked polymer.
It is also of interest that the putative signal sequence of the FTF protein is somewhat longer than that of the levansucrase (Fig. 3) . The results from several laboratories (6, 11) appear to suggest that the signal sequences of streptococcal extracellular proteins generally appear to be longer than those of other bacteria. However, the molecular basis for such a difference has not yet been determined. Previous localization studies (2) have indicated that most of the GTF-I activity expressed in E. coli clones is associated with the cytoplasmic membrane (2) . In contrast, the majority of the cloned FTF activity is secreted into the periplasmic space (18) . Since the signal sequences of the two enzymes appear to be quite similar, it may be possible that structural differences in other regions of the two proteins are responsible for the difference in localization. However, the results of the sequence analysis suggest an alternate hypothesis. Translation of the ftf gene could actually begin at an internal ATG codon (position 705, Fig. 2 ), since this codon is preceded by a potential SD sequence (AGAAAAAAG). In this case, the resultant signal sequence would still retain its required characteristics (initial basic region followed by a hydrophobic region). The resultant signal sequence would be similar in size to that of the levansucrase of B. subtilis, which is secreted into the periplasmic space of E. coli clones (23) .
Thus, it is possible that signal sequences with relatively short basic regions are able to pass through the E. coli cytoplasmic membrane, while streptococcal proteins with longer signal sequences (GTF-I protein) may not be able to penetrate this structure. Examination of more cloned streptococcal extracellular proteins will be required to test this hypothesis.
Nucleotide sequencing of regions flanking theftf structural gene indicate the presence of potential regulatory sequences. The ftf gene is preceded by an inverted repeat sequence (positions 565 to 593, Fig. 2 ), which by analogy to a similar structure upstream from the B. subtilis levansucrase gene (23) may be involved in the regulation of FTF expression. It has been proposed that the repeat sequence upstream from the levansucrase gene may act as a recognition site for a regulatory protein (20) . However, this latter sequence is positioned between the promoter region and the levansucrase structural gene. In contrast, the present results indicate that the inverted repeat sequence preceding the ftf gene lies upstream from the promoter sequence for this gene (Fig.  2) . Additional mutagenesis experiments designed to alter this sequence will be required to demonstrate its possible role in regulating FTF expression. Since the regulatory proteins involved in controlling bacterial gene expression are of relatively low molecular weights (14) , it was of interest that two ORFs (ORFs 2 and 3) coding for low-molecular-weight proteins could be identified flanking the ftf gene. A comparison of the deduced amino acid sequences of these two genes with those of selected gram-positive bacterial DNA-binding proteins revealed short sequences of homology (data not shown). ORF 3 contains a 20-amino-acid sequence (Gln-18 to Ile-27, Fig. 2 ) which shares partial homology with amino acids 223 to 238 of the sigma 37 subunit (5). The latter sequence has been postulated to play a direct role in binding to DNA (5) . The DNA-binding sites of several regulatory proteins share the common structure Ala-N3-Gly-N5-ValIIle/Leu (14) . The homologous region from ORF 3 displays the sequence Ala-N3-Gly-N5-Tyr beginning with amino acid 22 (Fig. 2) , which might also function in the same capacity. However, no comparable sequence was detected for ORF 2, although this protein also shares several short regions of homology with the regulatory proteins (data not shown). In addition, an extensive amino acid sequence comparison of ORFs 2 and 3 with a wide variety of different DNA-binding proteins was not carried out in the present investigation. Since ORF 3 is preceded by an inverted repeat structure (positions 3958 to 3987, Fig. 2) , it is possible that this gene is also subject to regulation by another regulatory protein (cascade regulation). To establish the possible roles of ORFs 2 or 3 in the regulation of FTF expression, it will be necessary to isolate and characterize both genes and their protein products. In addition, the cloned genes will be insertionally inactivated and transformed into strain GS-5 to produce mutants which are defective in the expression of ORFs 2 and 3 (2). It is clear that these additional approaches will be required to confirm the regulatory roles for these ORFs suggested by the sequence data and their possible relationships, if any, to FTF synthesis.
The inability to isolate one of the two DNA strands from the 1.4-kb EcoRI-HindIII fragment in the M13 phages (Fig.  4) is similar to our experience in attempting to isolate both single-stranded DNA fragments containing the promoter region of the gtIB gene (22,. In the latter case, only the RNA polymerase antisense strand containing this region could be isolated in the M13 phages. This result suggested that insertion of a strong promoter (sense strand) into the multicloning site of M13 phages such that the direction of transcription from the heterologous promoter is in the oppo'site direction relative to the phage genes results in the inability to recover phage particles. The results of the present investigation also indicate that only the RNA polymerase antisense strand (relative to the ftf gene) of the 1.4-kb EcoRI-HindlIl fragment could be isolated in M13mpl8 or M13mpl9. This is indicated by the observation that the single-stranded DNA isolated in the M13 phages from the intact fragment hybridized with the sense strand of the ftf gene (data not shown). The inability to isolate phage particles containing the sense strand of the fragment suggests the presence of a strong promoter on this strand.
Although only a small portion of ORF 4 has been sequenced in the present investigation, the deduced amino acid sequence suggests the presence of a signal sequence typical of GS-5 extracellular proteins. In addition, both potential SD and promoter sequences were identified upstream from this putative structural gene. The ORF 4 promoter is apparently responsible for the strong promoter activity preventing the isolation of the sense strand of the 1.4-kb EcoRI-HindIII fragment in the M13 phages. It will be of interest to isolate a DNA fragment containing intact ORF 4 in order to characterize this potential extracellular protein. It also may be possible that ORF 3 is involved in regulating the expression of this protein.
